S equencing of selected gene sets, whole exomes, and whole genomes is increasingly used for research and clinical care. These approaches also identify incidental findings (also called secondary findings) of potential clinical relevance. Driven by the prospect for preclinical diagnosis and risk factor mitigation, the American College of Medical Genetics and Genomics (ACMG) has supported the return of medically actionable incidental findings and generated a list of genes in which known or predicted pathogenic variants should be returned to patients who undergo clinical sequencing. 1, 2 These recommendations have been controversial because the frequency of clinical manifestations of these variants and their implications for diagnosis and management are poorly defined. [3] [4] [5] [6] The burden of rare, possibly deleterious variants in the human genome is much higher than previously assumed. 7, 8 However, the frequency of clinical phenotypes in unselected individuals with these variants is unknown. Genomic and phenotypic data from large, unselected populations are required to define the true risk associated with genetic variants identified as incidental findings.
One approach is to examine phenotypes in electronic medical records (EMRs) in a large cohort unselected for any specific phenotype. The Electronic Medical Records and Genomics (eMERGE) network has developed and validated algorithms to extract phenotypes from EMRs and associate these with genotypes determined from banked DNA. [9] [10] [11] The eMERGE Pharmacogenomics (eMERGE-PGx)
project is sequencing 84 genes involved in drug response (pharmacogenes). 12 Two of these genes, SCN5A (NG_008934. 1) and KCNH2 (NG_008916.1), were included because they encode ion channels with which many drugs interact. Rare variants in these genes can also cause congenital long QT syndrome, Brugada syndrome, and other genetic arrhythmias (aggregate population prevalence <1:1000). 13 Here, we report the arrhythmia and electrocardiographic (ECG) phenotypes determined through EMR phenotyping in participants with rare, potentially pathogenic variants in these 2 genes. 13 
Methods

Study Participants
The design and implementation of the eMERGE-PGx project have been reported. 12 In brief, select pharmacogenes were sequenced in a diverse cohort of approximately 9000 patients who consented to have genetic results included in their EMR for genome-informed clinical decision support. Participants were recruited based on their likelihood of being prescribed medications with relevant pharmacogenomic associations (eTable 1 in the Supplement). 12 The project was reviewed and approved by the institutional review board of each of the 10 participating sites. Written consent was obtained from study participants or their parent or guardian (for pediatric patients). Sequence and EMR data for the individuals consecutively enrolled between October 5, 2012, and September 30, 2013 , in the eMERGE-PGx project were analyzed, which includes data from 7 sites.
DNA Sequencing, Variant Calling, and Variant Annotation DNA samples were sequenced using PGRNseq, a custom sequencing assay designed to produce highly accurate DNA sequences of 84 selected pharmacogenes. 14 Singlenucleotide variants were called in accordance with the Genome Analysis Toolkit best practices and filtered for nonsynonymous and splice-site variants by the eMERGE coordinating center. 15 Copy-number variants were assessed using a read-depth-based algorithm. Minor allele frequency (MAF, number of alleles with the variant divided by the total number of sequenced alleles) was calculated for each variant based on study data and Exome Aggregation Consortium data, with rare variants defined as MAF less than 0.5% in the study cohort. Sequence data for all putatively pathogenic variant calls were reviewed manually and confirmed or refuted using Sanger sequencing as needed. Additional details are available in the eMethods in the Supplement.
Variant Classification
Two molecular diagnostic laboratories (GeneDx, Gaithersburg, Maryland, and Transgenomic, New Haven, Connecticut) and 1 research laboratory (the Mayo Clinic Windland Smith Rice Sudden Death Genomics Laboratory, Rochester, Minnesota), all with expertise in ion channel gene variant evaluation, assessed potential pathogenicity of all missense and splice-site polymorphisms in SCN5A and KCNH2. Each laboratory was blinded to the assessments by the other laboratories and to any demographic or clinical data. All variants designated as "pathogenic" or "likely pathogenic" by any 1 of the 3 laboratories or by ClinVar, 16 the submitter-driven public archive of variant-phenotype associations, were considered to be putatively pathogenic and are referred to as "designated variants" (eMethods in the Supplement). Each laboratory is deidentified by randomly assigned labels of laboratory 1, 2, or 3.
Identification of Arrhythmia and ECG Phenotypes
For all participants, demographic data; International Classification of Diseases, Ninth Revision (ICD-9) data for relevant arrhythmia and ECG phenotypes; and all available machineread ECG intervals for all ECGs in the EMR were extracted from the oldest EMR available (2002 or earlier for all sites) through September 10, 2014 (eTable 2 in the Supplement). Length of EMR follow-up was calculated for each individual as the difference between the first and last EMR data point available. Collection of race and ethnicity data, used to calculate differences in variant frequency expected due to ancestry-specific variation, varied by site (self-report or EMR-derived); participants missing race/ethnicity data were coded as "unknown." Manual review of EMR data was performed for the subset of participants with designated variants and not those without variants (eFigure and eMethods in the Supplement). All available ECG tracings from individuals with designated variants as well as all available ECG tracings from age-, race-, and sex-matched individuals without pathogenic variants were manually reviewed by 2 independent cardiologists blinded to gene variant status (eTable 3 in the Supplement).
tests were performed; 95% confidence intervals were calculated; and unweighted Cohen κ for agreement across laboratories was calculated using Stata version 13.1 (StataCorp) or R version 3.1.2 (R Project for Statistical Computing), with statistical significance considered if P < .05. Stratified analyses by age (<30 years, 30-60 years, and >60 years at time of study enrollment) were performed to assess for survival bias. 
Results
Study Participants and Sequencing Data
The study cohort ( . About half were female (n = 1118, 55%). Most were white (n = 1491, 74%) and not Hispanic or Latino (n = 1798, 89%). Electrocardiographic data were available for 1270 participants (63%), and median length of EMR follow-up was 18 years (IQR, 9-20 years). The mean per-sample sequencing depth was 502× platform-wide (indicating that on average, 502 reads were available to assess the genotype at each sequenced position for each participant's DNA), with mean persample coverage of SCN5A and KCNH2 of 578× and 400×, respectively. C, Arrhythmia and electrocardiographic (ECG) phenotypes, indicated in blue, identified through electronic medical record and ECG review of all participants with 1 or more putatively pathogenic variants; aggregated data from Tables 1, 2 , and 3 are shown. Lines above join the phenotype to the variant identified. Electronic medical records were searched using International Classification of Diseases, Ninth Revision (ICD-9) codes and keywords for each phenotype (listed in eTable 2 in the Supplement), with manual review of the record to confirm accuracy. All available ECG tracings were reviewed by 2 cardiologists using the criteria in eTable 3. No individuals were identified with Brugada syndrome or cardiac pacing. For long QT syndrome, light blue denotes corrected QT interval (QTc) of 450-500 milliseconds for males or 460-500 milliseconds for females, while dark blue indicates at least 1 ECG with QTc longer than 500 milliseconds. AV indicates atrioventricular.
Variant Identification and Classification
We identified no copy-number variants, 1 splice-site variant, and 126 nonsynonymous variants (eTables 4 and 5 in the Supplement), including 5 common variants with MAFs ranging from 1% to 25%. The splice-site variant and 121 of the missense variants were rare ( Figure 1 and Figure 2) . One or more of these rare variants were found in 223 participants (11% of the cohort). Manual review of sequencing data indicated potential false-positive calls for rs77331749 (KCNH2-A913V) in 5 of 7 samples; Sanger sequencing confirmed the absence of the variant in all 5 suspect samples.
At least 1 of the 3 expert laboratories designated 40 variants as pathogenic or likely pathogenic (eTable 6 in the Supplement); all 40 were rare. Laboratory 1 designated 16 variants; laboratory 2, 24 variants; and laboratory 3, 17 variants. There was agreement by at least 2 of the 3 labo- 
Arrhythmia and ECG Phenotypes
Based on the demographic, ICD-9, and ECG interval data extracted from the EMRs, the 63 participants with designated variants were not different from those without such variants with respect to age, sex, or site of recruitment ( (Figure 1, Figure 2 , and Table 2 ). One additional participant with QTc longer than 500 milliseconds was identified. Additional phenotypes identified were QTc above normal (450-500 milliseconds for males, 460-500 milliseconds for females, n = 12), atrial fibrillation (n = 4), bundle-branch block (n = 4), and sinus or atrioventricular node disease (n = 10). None with designated variants had evidence of Brugada syndrome. A family history (based on clinical documentation) of atrial fibrillation was identified in 3 participants, 2 of whom were women with QTc between 460 and 500 milliseconds identified on manual review ( Table 3) . Family history of sudden cardiac death was identified in 1 individual with no personal history of arrhythmia or ECG abnormality. Expert review of 125 ECGs from 41 participants without designated variants found no differences in arrhythmia or ECG phenotypes compared with ECG findings from those with variants ( Table 4) .
We stratified participants by age (<30 years, n = 282; 30-60 years, n = 680; and >60 years, n = 1060); there were no differences across strata in the proportion of participants with a designated variant, nor in the proportions with ECG or arrhythmia phenotypes (eTable 7 in the Supplement). The youngest stratum had no machine-read ECG data for analysis, but there were no differences in demographic characteristics or ICD-9 codes for arrhythmia in those with vs without designated variants (eTable 8 in the Supplement). In 30-to 60-year-olds, those with designated variants were less likely to be white, were more likely to have atrioventricular block, had longer PR intervals, and had longer QRS intervals (eTable 9 in the Supplement). Among those older than 60 years, designated variant carriers were less likely to be white and had shorter QTc (eTable 10 in the Supplement).
Discussion
In this cohort of 2022 participants in a study of pharmacogenomic sequencing, we identified 122 rare nonsynonymous or splice-site variants in 2 arrhythmia disease genes. Expert laboratory review of these variants designated 42 as potentially pathogenic, and these classifications were discordant across the laboratories. Review of EMR and ECG data revealed no difference in prevalence of arrhythmia diagnoses or ECG phenotypes among participants with the designated variants compared with those without. After we performed a manual review of EMR data and an ECG review, the majority of participants with a designated variant in either SCN5A or KCNH2 had no identifiable arrhythmia or ECG phenotype. Among patients with designated variants, 35% had evidence of any arrhythmia or ECG phenotype; the most common finding was a QTc above normal; however, only 2 participants had QTc values greater than 500 milliseconds. One individual had variants in each gene (SCN5A-D1243N Long QTc defined as >450 milliseconds in males or >460 milliseconds in females.
and KCNH2-T983I) and no apparent arrhythmia phenotype. One variant, SCN5A-R1193Q , designated pathogenic by ClinVar but by none of the 3 laboratories, was found in 19 of 2022 participants; 7 of 19 participants (5 with Asian ancestry) had arrhythmia phenotypes, predominantly long QTc but less than 500 milliseconds. This variant is so common among a general East Asian population (MAF, 7%) that it is unlikely to be a cause of the congenital long QT syndrome (eTable 4 in the Supplement). In vitro functional studies, which likely account for its ClinVar pathogenic classification, suggest it may predispose to longer QT intervals, Brugada syndrome, or both.
17,18
There are several potential explanations for the paucity of clinical manifestations among participants with designated ion channel variants. First, some participants may have clinically manifest disease that was not documented in the EMR. Additional evaluation and directed history may reveal personal or family history of syncope or other relevant symptoms. Electronic medical record data including ICD-9 codes were available for all participants with median EMR follow-up time of 18 years, and ECG tracings were available and reviewed for 44 of 63 participants (70%) with designated variants, indicating that only a minority of patients have not had a diagnostic test for long QT (an ECG). Second, these variants may have low penetrance or cause subclinical disease except in the setting of additional genetic or environmental influences. Some patients with familial long QT syndrome may have normal ECGs, 19 and provocative testing or medication use may unmask the latent syndrome. Third, this cohort may not represent individuals at risk for the phenotype; this cohort includes a wide spectrum of age groups with differential risk for some of the phenotypes assessed (eg, atrial fibrillation has agerelated penetrance, while long QT syndrome does not). Age-stratified analysis identified the same frequency of phenotypes in those with designated variants across age strata, indicating that the low frequency of phenotypes was not age-related in this cohort. Fourth, some of these designated variants may confer little or no increased risk for either arrhythmias or ECG abnormalities; ie, they may be of low penetrance for disease or benign variants. Another important potential reason for the paucity of clinical findings is the unselected nature of the study population. The laboratories evaluated identified variants using classification methods developed for analysis of variants in patients with manifest clinical phenotypes. In patients with phenotypes, there is a much higher a priori probability that a detected rare variant contributes to the disease under study. The prevalence of arrhythmias associated with these genes is low (eg, 1/2500 for long QT syndrome [20] [21] [22] [23] and 1/8000 for Brugada syndrome 24 ), so it is in fact unlikely that any variant found in this cohort of 2022 unselected participants is pathogenic. Nevertheless, similar to other early efforts to characterize phenotypes in unselected cohorts, we found a high frequency of potentially pathogenic mutations without a high burden of disease. 25, 26 Variant classification methods require significant recalibration to assess incidental findings in unselected cohorts before results can be returned to patients and participants, a process that will be facilitated by large sequencing and phenotyping efforts. A secondary observation in this study is the discordance in variant classification among the 3 different expert laboratories and ClinVar. There was consensus across all 3 laboratories and ClinVar for only 2 of the 42 rare pathogenic variants. Each of the 3 laboratories has developed specific methodology for evaluating the clinical effect of variants, and none of the 3 classification systems yielded similar results. Potential reasons for discordance include use of different reference databases and annotation tools, different criteria for comparing annotation sources, and different thresholds for defining pathogenicity. Developing standards for variant classification is an ongoing and critical area of study, as evidenced by recent ACMG guidelines and ongoing efforts by ClinGen.
27,28 Ensuring all clinical laboratories have access to the most extensive variant and phenotype information available and that these data are shared across laboratories through resources such as ClinVar will likely improve variant interpretation. 29, 30 Of note, 2 participants harbored variants that were designated pathogenic by all 4 sources: one a 20-year-old with atrioventricular nodal disease and the other a 59-year-old with no arrhythmia or ECG phenotype, indicating that consensus across variant classification methods may not increase specificity.
We also observed fewer white participants among those with designated variants, which may reflect increased burden of variants 31, 32 or difficulties in variant annotation as a result of a relative lack of sequence data in nonwhite populations. Higher MAF in any ancestry group is evidence of low penetrance or nonpathogenicity. Focused initiatives to engage, enroll, sequence, and phenotype individuals from a wide variety of ancestral backgrounds have the potential to greatly accelerate efforts toward comprehensive variant classification. These data also highlight the potential power of coupling sequencing data with EMRs. Efforts to refine and validate rare variant classification are dependent on the gathering of accurate phenotype data from very large cohorts who are unselected for any one specific diagnosis. Although the population of patients who present to any health system is not perfectly representative of the global community, it does mirror those individuals who present for clinical care. If the goal of precision medicine is to enhance that care, the population of individuals represented in large EMR data sets is a practical starting point.
Our study approach has several limitations. This study focused on just 2 ion channel genes. Participants with or without designated variants may indeed harbor genetic variants in other genes contributing to long QTc or other phenotypes, although these are expected to be very rare. This study included 2022 participants; given the rarity of pathogenic variants and the long QT phenotype, we did not have adequate power to demonstrate statistically significant differences between variant carriers and those without variants. Much larger cohorts and complementary methods are required to definitively determine associations of ion channel variants to disease. All rare variants identified as pathogenic or likely pathogenic by any one of the 3 expert laboratories or ClinVar were included as designated variants, which enabled us to search for phenotypes among the greatest number of participants but potentially reduced the specificity of the designated variant classification. Because the median age at enrollment was 61 years, the cohort may experience survival bias, with participants with severe long QT syndrome or life-threatening arrhythmias at an early age being underrepresented. A large prospective study (for example, of a cohort established at birth) may reveal additional variants and increased burden of phenotypes. This study used existing EMRs to ascertain phenotypes. Some participants with genetic variants may have undocumented or subclinical disease, which may be realized in focused evaluation or manifest in time due to age, additional pathology, or drug challenge (eg, drug-induced long QT).
Conclusions
Among laboratories experienced in genetic testing for cardiac arrhythmia disorders, there was low concordance in designating SCN5A and KCNH2 variants as pathogenic. In an unselected population, the putatively pathogenic genetic variants were not associated with an abnormal phenotype. These findings raise questions about the implications of notifying patients of incidental genetic findings.
